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Nonlocal advantage of quantum coherence (NAQC) based on coherence complementarity relations is gener-
ally viewed as a stronger nonclassical correlation than Bell nonlocality. An arbitrary two-qubit state with NAQC
must be an entangled state, which demonstrates that the criterion of NAQC can also be regarded as an entangle-
ment witness. In this paper, we experimentally investigate the NAQC for Bell-diagonal states with high fidelity
in an optics-based platform. We perform local measurements on a subsystem in three mutually unbiased bases
and reconstruct the density matrices of the measured states by quantum state tomography process. By analyzing
characteristic of the l1 norm, relative entropy and skew information of coherence with parameters of quantum
states, NAQC for the quantum states is accurately captured, and it shows that our experimental results are well
compatible with the theoretical predictions. It is worth mentioning that quantum states with NAQC would have
higher entanglement, and thus NAQC could be expected to be a kind of useful physical resource for quantum
information processing.
I. INTRODUCTION
Nonclassical correlations, being the most incredible feature
of the quantum world, can enable classically impossible tasks
[1]. So far, for two-qubit states, a distinct hierarchy of these
typical correlations, including Bell nonlocality [2], quantum
entanglement [3], quantum steering [4], and quantum discord
[5] has been gradually clarified [6–10]. From the application
perspective, these correlations can also be regarded as valu-
able physical resource applied to quantum information pro-
cessing tasks [11, 12], such as device-independent quantum
cryptography [13–17], quantum teleportation and dense cod-
ing [18–21], quantum metrology [22–24] and so on. These
abundant applications not only deepen our understanding of
quantum information theory, but also become an important
motivation for making efforts to facilitate the advance of this
field. On the other hand, coherence [25, 26], as one of
the most fundamental features of quantum system, originates
from the superposition principle in quantum mechanics. To
quantify coherence of quantum states, Baumgratz et al. [27]
formulated a rigorous groundbreaking framework for defining
a valid coherence measure and proposed two distance-based
coherence measures, i.e., the l1 norm and relative entropy
of coherence. In addition, other faithful coherence measures
have been proposed, such as the entanglement-based measure
of coherence [28], the intrinsic randomness of coherence [29],
the robustness of coherence [30, 31], and the skew informa-
tion of coherence [32–34], etc.
Although coherence is usually considered as be one of the
characteristics of the whole physical system, it can be asso-
ciated with other nonclassical correlations based on resource
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theory. Even conceptually, coherence is more fundamental
than other correlations [26]. For a bipartite quantum system,
coherence between subsystems can be deemed as its ability
to create entanglement [28]. It means that coherence can be
converted to entanglement by incoherent operations applied
to the system and an incoherent ancilla. Furthermore, it has
been proved that coherence and quantum discord can be trans-
formed into each other in theoretical and experimental aspects
[35, 36].
Recently, Mondal et al. [37] established a connection be-
tween quantum steering and coherence based on coherence
complementarity relations. They showed that, for a bipartite
qubit stateAB, the average coherence of the conditional states
of subsystemB after performing local measurements on qubit
A may break through the coherence limit of a single-qubit
state measured on mutually unbiased bases. Typically, Mon-
dal et al. called this interesting effect as “nonlocal advantage
of quantum coherence” (NAQC), and formulated the criterion
for achieving NAQC by using different coherence measures.
To reveal the relationship between NAQC and other quantum
correlation measures, Hu et al. [38] investigated the hierar-
chy of NAQC and Bell nonlocality, and testified that NAQC
is a new nonclassical correlation which is stronger than Bell
nonlocality. Any bipartite qubit state with NAQC must be
an entangled state, which demonstrates that the criterion of
NAQC can also be regarded as an entanglement witness. Fur-
ther, Hu et al. [39] generalized the framework of NAQC from
two qubit states to high-dimensional states. Datta et al. [40]
provided a scenario for sharing of NAQC by sequential ob-
servers. Such studies have deepened our understanding of the
quantum resource theories [11, 25], and NAQC is expected to
be a kind of useful physical resource for quantum information
processing. Nevertheless, the investigations of NAQC still re-
main theoretical, and there is few experimental investigation
of NAQC up to now.
We herein report an experimental investigation of NAQC
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2for two-qubit states in an all-optical setup. By using quan-
tum state tomography process to reconstruct the initial states
and measured states, we capture NAQC for the quantum states
based on the l1 norm, relative entropy and skew information
of coherence, respectively. It can be found that NAQC de-
pends not only on the form of quantum states, but also on the
choice of coherence measures. Note that, our experimental
results coincide with the theoretical predictions very well.
II. PRELIMINARIES
For a single qubit state described by density operator ,
three widely established coherence measures: the l1 norm
[27], relative entropy [27] and skew information [34] of coher-
ence in the basis of eigenvectors of the Pauli spin observable
σi (i = x, y, z) are given by
Cσil1 (ρ) =
∑
µ6=ν
|〈µ| ρ |ν〉| (1a)
Cσire (ρ) = S(ρ
diag)− S(ρ), (1b)
Cσisk(ρ) = −
1
2
Tr[
√
ρ, σi]
2
, (1c)
respectively, where {|µ〉 , |ν〉} are the eigenvectors
of σi, S(·) denotes the von Neumann entropy, and
ρdiag=
∑
µ,ν |µ〉 〈µ| 〈µ| ρ |µ〉 is the completely deco-
hered state of ρ. Specially, the complementarity relation of
coherence under mutually unbiased bases has been derived in
Ref. [37], ∑
i=x,y,z
Cσiα (ρ) ≤ Cmα , (2)
where Cmα (α = l1, re, sk) are state-independent upper
bound and their values are Cml1 =
√
6 ≈ 2.45, Cmre ≈ 2.23
and Cmsk = 2. The equality is hold for a special pure state
ρmax = 12 [I +
1√
3
(σx + σy + σz)], where I is the identity
operator.
Based on the above coherence measures, we briefly intro-
duce the “steering game” [37] proposed by Mondal et al. and
give the criterion for achieving NAQC. Assuming that Alice
and Bob share a bipartite qubit state ρAB . Alice then per-
forms a local measurement Πai = [I + (−1)aσi]/2 on her
side (qubit A) in the eigenbasis of σi and obtains an outcome
a = {0, 1} with probability pΠai = Tr[(Πai ⊗ IB)ρAB ]. Then
the measured states of the bipartite system can be expressed
as ρAB|Πai = (Π
a
i ⊗ IB)ρAB(Πai ⊗ IB)/pΠai , and the ensem-
ble of conditional state on Bob’s side becomes {pΠai , ρB|Πai },
where ρB|Πai = TrA(ρAB|Πai ). Alice informs Bob of her
choice of measurement and the corresponding outcome, and
then Bob measures the coherence of his side (qubit B) ran-
domly in the eigenbasis of either σj or σk (j, k 6= i). Since
Alice can choose any of the six local measurement settings,
and Bob chooses the corresponding possible reference eigen-
bases, the criterion for achieving NAQC can be obtained by
all possible probabilistic averaging [37],
Nα(ρAB) =
1
2
∑
i,j,a
p(ρΠaj 6=i)C
σi
α (ρB|Πaj 6=i) > C
m
α . (3)
Basically, NAQC can be seen as a stronger nonclassi-
cal correlation than Bell nonlocality [38]. To detect Bell
nonlocality of a two-qubit state ρAB , we can use the
well-known Clauser-Horne-Shimony-Holt (CHSH) inequal-
itie |〈BCHSH〉| = |Tr(ρABBCHSH)| ≤ 2 [41], where
BCHSH denotes the Bell operator. Violation of CHSH in-
equality means that the quantum state is Bell nonlocalized.
The maximum violation of CHSH inequality can be repre-
sented as [42]
Bmax(ρAB) = 2
√
m(ρAB), (4)
where m(ρAB) = maxi<j(ui + uj), ui (i = 1, 2, 3) is the
eigenvalue of T †T (T † stands for transposition of T ), and T
is the correlation tensor in the Bloch representation with ele-
ments tij = Tr(ρABσi ⊗ σj).
Furthermore, any bipartite quantum state with NAQC is an
entangled state, thus the criterion of NAQC can also be re-
garded as an entanglement witness [39]. It is known that en-
tanglement measure can be quantified conveniently by con-
currence [43]. For a two-qubit state ρAB , the concurrence is
defined as
C(ρAB) = max{0, λ1 − λ2 − λ3 − λ4}, (5)
where λ1, · · · , λ4 are the square roots of the eigenvalues of
the non-Hermitian matrix ρAB(σy ⊗ σy)ρ∗AB(σy ⊗ σy). The
variable ρ∗AB is the complex conjugate of ρAB in the fixed
basis {|00〉 , |01〉 , |10〉 , |11〉}.
III. EXPERIMENTS
To experimentally investigate NAQC shown in Eq. (3), we
first need to prepare a bipartite qubit state with high fidelity
and then perform six different measurement settings {Πai } on
qubit A in the eigenbasis of σi (i = x, y, z). In this paper, we
choose a Bell-diagonal state (BDS) [44, 45] ρAB as the initial
state with form of,
ρAB = a
∣∣Φ+〉 〈Φ+∣∣+ b ∣∣Φ−〉 〈Φ−∣∣
+ c
∣∣Ψ+〉 〈Ψ+∣∣+ d ∣∣Ψ−〉 〈Ψ−∣∣ , (6)
where |Φ±〉 = 1/√2(|00〉 ± |11〉) and |Ψ±〉 = 1/√2(|01〉 ±
|10〉) denote four Bell states and the coefficients satisfy the
normalization condition a+ b+ c+ d = 1.
Technically, the polarizations of photons can be encoded
as information carriers in the experimental investigation of
quantum information processing tasks [12]. In the current
experiment, we encode the horizontal polarization state |H〉
as |0〉 and the vertical polarization state |V 〉 as |1〉. Ex-
plicitly, the optical experimental setup has been illustrated
in Fig. 1. The design consists of four modules represented
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FIG. 1. Experimental setup. (a) Source module, which is used to
generate mixed polarization-entangled photon pairs, mainly includes
a high-power tunable diode laser, three half-wave plates (HWPs), a
polarization beam splitter (PBS), a beam splitter (BS), two mirrors,
and two type-I β-barium borate (BBO) crystals. (b) UMZ module,
whose purpose is to achieve the proportionate mixing of quantum
states, includes an attenuator (ATT) , a HWP, two mirrors, and two
BSs. (c) Measurement module, which is use to realize local measure-
ment on the photon A, consists of two wave plates (P1 and P2) and a
PBS. (d) Tomography module, whose function is to reconstruct quan-
tum states, includes two quarter-wave plates (QWPs), two HWPs,
two PBSs, two 3-nm interference filter (IFs) , two single-photon de-
tector (SPDs), and a dual-channel logic coincidence meter.
by the purple dotted frames, respectively: (a) Source mod-
ule, (b) Unbalanced Mach-Zehnder device (UMZ) module,
(c) Measurement module and (d) Tomography module. The
function of module (a) is to generate mixed polarization-
based entangled photon pairs. A high-power linearly polar-
ized pumped beam (130mW, 405nm) emitted by the tunable
diode laser is divided into two parts by the polarization beam
splitter (PBS). The transmitted beam is 45◦ linearly polarized
1/
√
2(|H〉+|V 〉), and the reflected beam is−45◦ linearly po-
larized 1/
√
2(|H〉 − |V 〉). The relative power between these
two parts can be easily adjusted by changing the angle of opti-
cal axis of the half-wave plate (HWP), and the corresponding
proportional coefficient is expressed by parameter p. Time
difference between them can be eliminated by adjusting the
time-delay. The transmitted beam and reflected beam recom-
bine by a beam splitter (BS). Then the mixed polarization-
entangled photon pairs p |Φ+〉 〈Φ+| + (1 − p) |Φ−〉 〈Φ−| are
generated by the spontaneous parametric down-conversion
(SPDC) process of the pumped beam passing through two
type-I β-barium borate (BBO) crystals (6.0 × 6.0 × 0.5mm)
with optic axis cut at 29.2◦ [46]. In order to achieve the mix-
ing of four Bell states as Eq. (6), we pass parametric photons
in the B-path through the UMZ module [47]. The attenuator
(ATT) is used to control the proportionality coefficient in the
state. Finally, the initial BDS can be prepared as
ρAB = p
[
q
(∣∣Φ+〉 〈Φ+∣∣)+ (1− q) (∣∣Ψ+〉 〈Ψ+∣∣)]
+ (1− p) [q (∣∣Φ−〉 〈Φ−∣∣)+ (1− q) (∣∣Ψ−〉 〈Ψ−∣∣)] .
(7)
In module (c), two wave plates (P1 and P2) and a PBS, and
it is use to realize local measurement on the photon A. Six
different measurement settings can be achieved by choosing
the type of wave plates and rotating the angles (θ1 and θ2)
of optical axis of wave plates (see Table I for details). The
function of module (d) is to realize the tomography of quan-
tum states. Each path of this module includes a quarter-wave
plate (QWP), a HWP, a PBS, a 3-nm interference filter (IF)
and a single-photon detector (SPD). The photons detected by
the SPDs are sent to the coincidence meter for logic coin-
cidence calculation. By changing angles of the QWPs and
HWPs and recording the measured coincidence counts under
at least 16 typical measurement bases [48], the density matrix
of the prepared state can be reconstructed. With the tomog-
raphy module, both the initial BDS ρAB and the measured
states {ρAB|Πai } can be reconstructed faithfully. In particular,
the probability of the measured states pΠai is also calculated
by the measured coincidence counts [48].
In the following experiments, we choose different state pa-
rameters p (p = 0, 0.05, 0.95, 1) and keep them unchanged.
By adjusting another state parameter q (q = 0, 0.05, 0.3, 0.5,
0.7, 0.95, 1), we can prepare various initial BDSs with differ-
ent entanglement. Usually, the preparation quality of a quan-
tum state ρ can be measured by the fidelity of it and the goal
state ρ0, i.e., F (ρ, ρ0) ≡ Tr
√√
ρρ0
√
ρ [12]. To ensure the
high fidelity of the prepared initial BDSs, according to the de-
signed experimental scheme, we need to adjust the parameters
p and q for preparing four groups of 28 initial states (see Ta-
ble II for specific parameter settings). We reconstruct their
density matrices by quantum state tomography process [48]
and calculate the fidelity, respectively. The average fidelity is
F¯ = 0.9978 ± 0.0010, where the errorbar is estimated ac-
cording to the Poisson distribution characteristics of the laser.
Table II shows the fidelity of the prepared states and the goal
states with the different state parameters p and q.
In order to visualize the tomographic results for the ini-
tial BDSs, we provide graphical representation of the recon-
structed density matrix of the the four maximally entangled
states: ρ1 (p = 1, q = 1), ρ2 (p = 0, q = 1), ρ3 (p =
1, q = 0), and ρ4 (p = 0, q = 0). Fig. 2 shows the real
and imaginary parts of the four maximally entangled states,
respectively. From the figure, one can see that they are four
Bell states with high fidelity. Tomographic results for all the
initial BDSs we have prepared are shown in the Supplemental
Material.
The experimental results and the corresponding theoretical
predictions have been shown in Figs. 3-5. The horizontal
axis represents the parameter q of the initial BDS ρAB in Eq.
(7). The vertical axis on the right represents concurrence, the
vertical axis on the left represents coherence and the maxi-
TABLE I. Types and angles of wave plates for different local mea-
surement settings on the photon A.
Measurement P1 θ1 P2 θ2
Π0x HWP 22.5◦ HWP 22.5◦
Π1x HWP −22.5◦ HWP −22.5◦
Π0y QWP 45◦ QWP −45◦
Π1y QWP −45◦ QWP 45◦
Π0z HWP 0◦ HWP 0◦
Π1z HWP 45◦ HWP 45◦
4TABLE II. Fidelity of the prepared states and the goal states with different state parameters p and q.
Fidelity q = 0 q = 0.05 q = 0.3 q = 0.5 q = 0.7 q = 0.95 q = 1
p = 0 0.9979 ± 0.0006 0.9967 ± 0.0013 0.9969 ± 0.0013 0.9970 ± 0.0014 0.9970 ± 0.0011 0.9968 ± 0.0014 0.9975 ± 0.0003
p = 0.05 0.9993 ± 0.0001 0.9952 ± 0.0012 0.9981 ± 0.0007 0.9984 ± 0.0008 0.9981 ± 0.0015 0.9986 ± 0.0003 0.9995 ± 0.0001
p = 0.95 0.9992 ± 0.0001 0.9992 ± 0.0008 0.9998 ± 0.0002 0.9998 ± 0.0003 0.9997 ± 0.0003 0.9990 ± 0.0008 0.9994 ± 0.0001
p = 1 0.9975 ± 0.0007 0.9944 ± 0.0024 0.9953 ± 0.0019 0.9960 ± 0.0017 0.9967 ± 0.0018 0.9971 ± 0.0021 0.9986 ± 0.0012
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FIG. 2. Tomographic results for the four maximally entangled states.
(a) Re(ρ1), (b) Re(ρ2), (c) Re(ρ3) and (d) Re(ρ4) in the upper plots
represent real parts of ρ1, ρ2, ρ3 and ρ4, respectively. (a′) Im(ρ1) ,
(b′) Im(ρ2), (c′) Im(ρ3) and (d′) Im(ρ4) in the lower plots represent
imaginary parts of these states.
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FIG. 3. Experimental results and the corresponding theoretical pre-
dictions. The horizontal axis represents the parameter q of the ini-
tial BDS. The vertical axis on the right represents concurrence, the
vertical axis on the left represents the l1 norm of coherence (L1C)
and the maximum violation of CHSH inequality. The black squares,
blue rhombus and the red circles denote the experimental results of
C(ρAB), Bmax(ρAB) and Nl1(ρAB). The solid lines in different
colors are the corresponding theoretical predictions, respectively.
mum violation of CHSH inequality. The black squares and
blue rhombus denote the experimental results of C(ρAB) and
Bmax(ρAB), which are calculated from the quantum states
ρAB reconstructed by tomography. The red circles in Figs. 3-
5 represent the experimental results of Nl1(ρAB), Nre(ρAB)
and Nsk(ρAB) for the conditional state on Bob’s side in Eq.
(3), respectively. It should be noted that every experimen-
tal point in the figures has an error bar, but most of them are
too small to display. The solid lines in different colors are
the corresponding theoretical predictions. The red horizontal
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FIG. 4. Experimental results and the corresponding theoretical pre-
dictions. Here, the vertical axis on the left represents the relative
entropy of coherence (ReC). And the red circles denote the experi-
mental results of Nre(ρAB).
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.5
1.0
1.5
2.0
2.5
3.0 1.0 C
on
cu
rren
ce
0.5
0.0
(a) p = 0
0.
3.0
1.0
0.0 0.2 0.4 0.6 0.8 1.0
q
2.0
S
kC
B
m
ax
/
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.5
1.0
1.5
2.0
2.5
3.0 1.0 C
on
cu
rren
ce
0.5
0.0
(c) p = 0.05
0.0
3.0
1.0
0.0 0.2 0.4 0.6 0.8 1.0
q
2.0
S
kC
B
m
ax
/
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.5
1.0
1.5
2.0
2.5
3.0 C
on
cu
rren
ce
1.0 C
on
cu
rren
ce
0.5
0.0
(d) p = 0.95
0.0
3.0
1.0
0.0 0.2 0.4 0.6 0.8 1.0
q
2.0
S
kC
B
m
ax
/
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.5
1.0
1.5
2.0
2.5
3.0 1.0 C
on
cu
rren
ce
0.5
0.0
(b) p = 1
0.0
3.0
1.0
0.0 0.2 0.4 0.6 0.8 1.0
q
2.0
S
kC
B
m
ax
/
FIG. 5. Experimental results and the corresponding theoretical pre-
dictions. Here, the vertical axis on the left represents the skew in-
formation of coherence (SkC), and the red circles denote the experi-
mental results of Nsk(ρAB).
dot dash lines in Figs. 3-5 represent state-independent upper
bound Cml1 , C
m
re and C
m
sk. The experimental points above this
horizontal line implies that the corresponding quantum states
achieve NAQC. The blue horizontal dot dash lines represent
the upper bound of Bell nonlocality. From these figures, the
following conclusions can be obtained:
(i) We capture NAQC for the initial BDSs based on the l1
norm, relative entropy and skew information of coherence,
and our experimental results coincide well with the theoret-
ical predictions. NAQC is not only related to the form of
quantum states, but also to the choice of coherence measures.
For example, if we choose the l1 norm as coherence measure,
ρAB (p = 0.05, q = 0.05) can achieve NAQC (see Fig. 3c),
but if we choose the other two coherence measure, this state
cannot achieve NAQC (see Fig. 4c and Fig. 5c).
5(ii) It is obvious that quantum states with NAQC must vi-
olate the CHSH inequality, but not vice versa, which demon-
strate that NAQC is a stronger nonclassical correlation than
Bell nonlocality.
(iii) It is worth mentioning that quantum states with NAQC
would have higher entanglement, and the criterion of NAQC
can also be considered as an indicator of entanglement. There-
fore, NAQC is expected to be a kind of useful physical re-
source for quantum information processing.
IV. CONCLUSIONS
In this paper, we have experimentally observed the NAQC
for Bell-diagonal states with high fidelity in a completely op-
tical setup. We perform local measurements on qubit A in
the three mutually unbiased bases and reconstruct the density
matrices of the measured states by quantum state tomography
process. And we also prepare the quantum states that hold in-
equality (3) based on the l1 norm, relative entropy and skew
information of coherence, respectively, which means that we
prove the existence of NAQC by experimental methods. It
can be seen that our experimental results coincide well with
the theoretical predictions. It reveals that quantum states with
NAQC would have higher entanglement. Thus, the criterion
of NAQC can be regarded as a good candidate of achieving en-
tanglement witness. From the perspective of hierarchical rela-
tions, the NAQC can be considered as a stronger nonclassical
correlation than Bell nonlocality, and thus can be expected to
be a a useful physical resource in the regime of quantum in-
formation processing.
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